We measured in thermal emission the 63-Jlm line due to thermospheric atomic oxygen Oep), using a far-infrared spectrometer on a balloon platform at 37 km altitude over Palestine, Texas (32°N), on June 20, 1983. From measurements of the equivalent width of this line at two elevation angles, we find a weak angular dependence: the equivalent width increases by a factor of 1.5 :t 0.3 as the angle decreases from + 300 to + 10. Since the optical depth of the Oe P) line is large, we cannot directly convert the measured line intensity to a column abundance. Instead, we interpret the measurements in terms of radiative transfer through a 16-layer atmosphere extending to 200 km. We use a model atmosphere for summer at 300N, with an exospheric temperature of 1300 K, including (1) an assumed daytime atomic oxygen abundance profile constructed from recent chemical and dynamical models and (2) a water vapor abundance profile .constructed from recent experimental and model results. For this assumed Oep) vertical profile shape we determine from our spectra at two elevation angles a multiplicative scaling factor of 0.8, with an altitude-dependent uncertainty. In the best-determined layer the uncertainty in the multiplier is :to.2 at 119 km. The model-dependent peak atomic oxygen density is 3.6 (:t 1.9) x 1011 em -3 at an altitude of about 101 km.
INTRODUCTION
In the earth's middle atmosphere the profile of the total concentration of odd oxygen species, defined as [Ox] = [03] + [Oe P)] + [Oe D)], is dominated by a well-characterized 03 peak near 25 km in the stratosphere and by a less wellcharacterized Oe P) peak near 100 km in the lower thermosphere. The concentration of Oe P) in the thermosphere is in fact so large that it exceeds even the molecular oxygen abundance at altitudes above about 120 km. Below about 85 km the Oe P) concentration is controlled by photochemistry, with a lifetime of less than 1 day, so the concentration reaches a maximum in the daytime. and rapidly decreases at night. Above this level, transport lifetimes become shorter than the Oe P) photochemical lifetime, and the Oe P) concentration is independent of the diurnal cycle [Allen et al., 1981 [Allen et al., , 1984 Brasseur and Solomon, 1984] . The transport dependence of the Oe P) concentration in the lower thermosphere has been interpreted in terms of eddy diffusion above 90 km by Allen et al. [1981 Allen et al. [ , 1984 and, alternatively, in terms of the breaking of gravity waves by Garcia and Solomon [1985] . Radiative processes, including solar heating and infrared cooling, are also important [Garcia and Solomon, 1985] .
In the stratosphere the absolute concentration of ground state atomic oxygen, Oe P), was first predicted by Chapman [1930] . Atomic oxygen is one of the species controlling ozone loss, and thus it affects the amount of near-ultraviolet radiation reaching the surface of the earth. Oe P) reacts with ozone directly and is a reactant in the rate-determining step in the major catalytic cycles (i.e., those involving NO and N02, Cl and ClO, and OH and H02) toward the recombination of o and 03 to form two oxygen molecules [Anderson, 1980] . Simultaneous measurements of Oe P) and 03 concentrations have shown that in the stratosphere the atomic oxygen-ozone ratio can be determined using a model in which atomic oxygen and ozone are in mutual photochemical equilibrium [Anderson, 1975 [Anderson, , 1980 . Along with the 5.3-JIm nitric oxide transition [Kockarts, 1980] , the 63-JIm atomic oxygen fine structure transition Copyright 1987 by the American Geophysical Union.
Paper number 6D0749. 0148-0227/87/006D-0749$05.00 [Bates, 1951] is important in the cooling of the thermosphere. Craig and Gille [1969] performed a detailed numerical integration of the equation of radiative transfer over this atomic oxygen line in order to determine a cooling rate, which was found to be lower than that of Bates. In a study of the 63-JIm line, Kockarts and Peetermans [1970] have made calculations of frequency-integrated intensities and volume emission rates for various atomic oxygen distributions.
The atomic oxygen distribution has been investigated by various methods. In the past, balloon experiments have been performed to determine the Oe P) concentration in the stratosphere, e.g., Anderson [1975] used an atomic resonance fluorescence technique and a parachute-borne flow-through module. The atomic oxygen distribution in the thermosphere has been measured by various techniques, including (1) observation of the OWp_3St) triplet at 130.20, 130.47, and 130 .58 nm using a combination of resonance fluorescence and absorption techniques [Dickinson et al., 1974 , L. Thomas et al., 1979 ; R. Thomas and Young, 1981] , (2) observation of 01 1304-A resonance scattering [Howlett et al., 1980; Sharp, 1980] , and (3) observations of quenching of N2(A3I:. +) by atomic oxygen [Shepherd, 1984] . Offermann et al. [1981] have compared the following in situ techniques for the measurement of atomic oxygen: measurement of the green-line emission at 5577 A, NO luminescence, silver film oxidation, mass spectrometers, resonance fluorescence, and absorption near 130 nm, and hydroxyl airglow. Model calculations of the abundance of atomic oxygen and its diurnal variation in the mesosphere and lower thermosphere have been performed by Keneshea et al. [1979] and Allen et al. [1984] .
Rocket studies of the thermosphere have also included measurements of the 3P2_3 P 1 infrared fine structure transition of atomic oxygen at 63 JIm. Feldman and McNutt [1969] measured the 63-JIm zenith intensity as a function of altitude for altitudes ranging from 120 to 150 km and derived a value for the atomic oxygen density at 120 km. Offermann and Grossmann [1978] made spectrometric measurements of the 63-JIm emission profile for altitudes from 90 to 180 km. Only recently has the 63-JIm line also been detected in balloon measurements of the earth's atmosphere [Clark et al., 1985; Carli et al., 1985] (also, see the discussion by Kockarts [1985] ).
Here we report the results of a balloon observation of the 63-JIm line due to atomic oxygen in the lower thermosphere.
i. ,. We report its observed equivalent width for elevation angles of 30°and 10. Using a model atmosphere, we perform a calculation of the equivalent. width of the line and of its curve of growth. We determine an atomic oxygen abundance profile, parameterized in terms of recent model profiles for the altitude range 37-200 km. Finally, ,we show that our 30°spectrum is most sensitive to the altitude region from 98 km to 139 km and our 1°spectrum is most sensitive to the region from 109 km to 149 km.
OBSERVATIONS
The observations reported here were made during the second Balloon Intercomparison Campaign (BIC-2) on flight 1332-P, which was launched from the National Scientific Balloon Facility (NSBF) in Palestine, Texas (32°N), on June 20, 1983 . The data are limb spectra taken at an altitude ranging from 37 to 34 km across sunset during the ll-hour interval between 1300 and 2400 local solar time. The measurements were made with the Smithsonian Astrophysical Observatory's double-beam Fourier transform spectrometer [Traub et al., 1982] , using liquid-helium-cooled Ge: Ga photoconductor detectors. The original spectral resolution of 0.032 em -I was numerically degraded by a sliding von Hann function (0.5, 1.0, 0.5) to 0.064 em -I. A telescope with a 0.3°field of view was used to collect the thermal radiation and focus it onto the spectrometer's entrance aperture. The stabilized pointing system of the telescope allowed us to point to selected elevation angles with an accuracy of ::1:0.02°.The spectra considered here were obtained at elevation angles of 30°and 1°. The telescope, stabilized platform, and spectrometer were mounted on a gondola (JPL-l) supplied by the Jet Propulsion Laboratory. The recorded spectrum is the algebraic difference of the thermal emission spectrum of the sky and an on-board liquid-nitrogen cooled blackbody. Intensity calibration was determined by periodically measuring the spectrum of an onboard 277 K blackbody; the intensity scale factor is accurate to ::1:2%.This procedure has been described before [Chance and Traub, 1984] . A preliminary analysis of the individual spectra taken throughout the flight showed that each spectrum at a given elevation angle was of about the same quality. Comparison of the equivalent width determined by averaging the spectra taken before sunset with the equivalent width determined by averaging the spectra taken after sunset showed no difference in the day and night equivalent widths, to within the measurement uncertainty (see discussion of diurnal variation in section 7.1). We therefore separately coadded the 30°spectra (ray 1) and 1°spectra (ray 2) to improve the signal-to-noise ratio. A 2 em-I segment of each coadded spectrum is shown in Figures la (ray 1) and Ib (ray 2). These are the sums of 93 and 119 spectra representing about 63 and 81 min of integration, respectively. Though the intensity at 63 JIm due to atomic oxygen is low compared to that of nearby water vapor lines, the signal is nevertheless well above the noise level.
LINE IDENTIFICATION
The spectra were analyzed using a least squares technique to produce an optimum fit with a synthetic spectrum, described in more detail in section 5. Wavelength calibration was established by reference to several nearby lines of H20. We find the measured Oe P) line center to be at 158.273::1:0.005 cm-I. By comparison with the value of 158.26862(7)cm -I determined using laser magnetic resonance by Saykally and Evenson [1979] (see also, Clark et al. [1985] ), we positively identify this line as being due to Oe P).
OBSERVEDEQUIVALENTWIDTHS
The spectral analysis was carried out in two sleps. First, we determined the equivalent width of the 63-JIm line for each of the two rays. We used the least squares technique with a synthetic spectrum calculation to vary the atomic oxygen abundance profile and simultaneously to fit. the Oe P) line, the neighboring H20 lines, and the background continuum from H20 line wings. The smearing effect of the instrument response function is included in the synthetic spectrum. Using the derived spectral parameters, we then removed atomic oxygen from the calculation and measured the change in area; this is the equivalent width of the line, with respect to a 277 K blackbody spectrum.
The equivalent width of the 30°ray is 4.6 (:to.5) x 10-4 cm-1 and that of the 1°ray is 7.1 (:to.6) x 10-4 cm-l; the corresponding intensities are 1.7 x 10-2 erg cm -2 S-1 sr -1 for the 30°ray and 2.7 x 10-2 erg cm-2 S-1 sr-l for the 1°r ay. The uncertainty is estimated by the following procedure: Intermediate sums over groups of about 10 spectra are formed and offset to have the same mean intensity and tilt as the grand average spectrum. The wave number dependent rms scatter in the intensities of the intermediate spectra is averaged over the 0.2 cm -1 spectral interval containing the peak. This average scatter is multiplied by the full width at half maximum of the line to estimate the uncertainty in the equivalent width. For a line whose intensity is approximately 1% relative to that of the 277 K reference blackbody, which is the case for this Oe P) line, the uncertainty in equivalent width is dominated by noise fluctuations at the position of the line as well as by uncertainties in estimating the spectral baseline.
The second step in the analysis is to calculate a curve of growth for the Oe P) line for each of various models. In these models we employ the appropriate seasonal and latitudinal atomic oxygen abundance profile for atmospheres with different exospheric temperatures. We also consider the effect of including or neglecting atmospheric water vapor. The curves of growth for the various models are useful in discussing the sensitivity of the equivalent width to the description of the atmosphere. The details of this second step are given in section 5.
MODEL CALCULATION OF EQUIVALENT WIDTHS AND CURVES OF GROWTH
A model multilayer atmosphere was used to calculate the equivalent width of the spectral line as a function of elevation angle (an early version of this procedure has been described by Traub and Stier [1976] ) and for a range of column abundances, Le., a curve of growth.
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We model the atmosphere as concentric spherical shells of constant temperature and pressure assigned by using the Curtis-Godson approximation [Goody, 1964] along the refractively determined path for each layer. For the geomagnetic activity index Kp of 3 for June 20, 1983 [Coffey, 1983] , Jacchia 's [1977] model exospheric temperature profile for 300N predicts an exospheric temperature of -1300K. Thus we used the atmosphere of 300N for July extended above 120 km with the summer model atmosphere of 1300 K from U.S. Standard Atmosphere Supplements (1966) . It was divided into 16 layers spanning the altitude range of 37 km to 200 km, with effective altitudes and effective number densities as shown in Table 1 . The last column in Table 1 gives the atomic oxygen number density for the model atomic oxygen profile, which is described later in this section.
The use of 10-km-thick layers is justified on the following grounds. First, as discussed by Traub and Stier [1976] , when the Curtis-Godson approximation is used to replace the entire (well-mixed) atmosphere with a single layer, the worst-case errors appear to be about 5% in the line core and much smaller elsewhere, with an error in average transmission across the line of well under 1%. This suggests, for a non-wellmixed species like Oe P), that if we subdivide into regions over which a mean mixing ratio can be used to approximate the actual distribution, we may hope to achieve similarly small errors. This is verified later (see section 7.4.1), where we compare a 20-km layer calculation with a 10-km one, finding changes in equivalent width on the order of 2-3%. A further halving of the layers (to 5 km) would be expected to yield less than 1% change, which is negligibly small. Second, as we show in section 7.4.4 and Table 3 , complete removal of any one of the 10-km layers (i.e., setting the Oe P) mixing ratio to zero in this interval) results in an average change in the calculated equivalent width of the measured line flux of about 3%. The largest single change is 7.8% from layer 9, across which layer the Oe P) mixing ratio changes by roughly a factor of 2; the mean value in this layer must then be accurate to better than roughly 25%, and the effect on the equivalent width will thus be less than about 2%. Thus the expected errors (on the order of 1%) are sufficiently small, compared to the accuracy of the model profile and the measured equivalent widths, that the use of 10-km layers is totally justified in this case.
Within each atmospheric layer the specific intensity of the calculated radiation field is governed by the radiative transfer equation for the case of absorption and thermal emission with no scattering. We assume a purely gaseous atmosphere with no aerosols. The solution for the intensity 1. in a frequency interval (v, v + dv) is
1.(s) = 1.(0) e-«s,O)+ IS B.(s') e-«S'S')K.Pds'
where 1: (s,s' ) is the optical thickness of the material between the points sand s'
B,. is the Planck function, K. is the absorption coefficient of the medium, P is the density of the material, and ds' is the thickness of the material in the direction of propagation of the radiation. The optical thickness can also be written as Fig. 2 . Curves of growth for (a) ray 1 and (b) ray 2, for various atomic oxygen abundance profiles: daytime curve with exospheric temperature of 600 K; daytime curve with exospheric temperature of 1300 K; daytime curve with exospheric temperature of 2100 K; nighttime curve with exospheric temperature of 1300 K; and daytime curve with exospheric temperature of 1300 K for an 0<' P) + H20 atmosphere. The curves for these three atmospheres are nearly coincident, increasing only slightly in the following order: an atomic oxygen and water vapor atmosphere with an exospheric temperature of 1300 K, a pure atomic oxygen atmosphere with an exospheric temperature of 1300 K, and a pure atomic oxygen atmosphere with an exospheric temperature of 2100 K.
where F is the frequency-dependent Voigt line shape factor, S is the temperature-dependent line strength, and n is the local number density of molecules. . In calculating the Voigt line shape factor we take the value of the pressure-broadening coefficient for the 63-Jlm transition to be 0.02 cm -1 atm -1 i.e., the value of the collision-damping half-intensity breadth (see, for example, White [1934] ) at 1 atm and 296 K, and its temperature dependence to be T -1. Since so little of the atomic oxygen is located at altitudes where pressure broadening is important, the exact value is of negligible importance in this work.
The strength per unit total oxygen atom column concentration at a temperature T is determined by
where 0"is the line center (in this case, 158.273 cm -1), J. is the angular momentum quantum number of the upper state, and E. is the energy of the upper state. The Einstein A coefficient can be calculated [see Herzberg, 1950; Garstang, 1962] from the value of the Lande g-factor for atomic oxygen given by Fraga et al. [1976] . The energy levels for J = 0, 1, 2 are given by Eriksson [1965] . The partition function Q, determined from 1.2
1.4 1.6 these energy levels, is 6.7218 at 296 K. This gives at 296 K a strength for the atomic oxygen 01 line of 1.132 x 10-21 cm-l/(atom' cm-2). The atomic oxygen abundance profile for the 13-200 km altitude range (only the 37-200 km range is required for the equivalent width calculations for positive elevation angles) was constructed using the following recent model profiles for the various altitude regimes: a one-dimensional calculation modeling Palestine, Texas, at midday conditions [World Meteorological Organization (WMO), 1982] , below 50 km; Allen et al.'s [1984] profile from a model involving chemical and climatological parameters and coupling oxygen-and hydrogen-containing species, from 50 to 75 km; Garcia and Solomon's [1985] profile from a dynamical/chemical model, including the effects of breaking gravity waves, from 75 to 110 km; Allen et al.'s [1984] profile, from 110 to 120 km; the summer model atmosphere with expospheric temperature of 1300 K from U.S. Standard Atmosphere Supplements (1966) , from 120 km to 200 km.
We scale this atomic oxygen abundance profile by a multiplier m and then calculate a synthetic spectrum for each of those profiles. To calculate a synthetic spectrum, we calculate the strength and the Voigt line shape corresponding to the effective temperature, pressure, and oxygen atom abundance for each atmospheric shell and then integrate the radiative transfer equation through the shells along the line of sight. We use the AFGL atmospheric absorption line parameter tape [Rothman et al., 1982] as the source of the line center, line strength, pressure-broadening coefficient, and lower-state energy level for transitions of H20 in the 157-159 em-I region. We computed the synthetic spectrum at intervals of 2 x 10-5 em -1, which is less than one-twentieth of the Doppler width of the line. The curves of growth (Le., equivalent width as a function of scaling factor m) for rays 1 and 2 are shown in Figure 2 for the model atmospheric and atomic oxygen profiles described above and for the following four additional cases: (1) the atmospheric and atomic oxygen profiles above 120 km were replaced with those for a summer atmosphere with an exospheric temperature of 600 K from'. [U.S. Standard Atmosphere Supplements (1966)]; (2) same as case 1, but with 2100 K; (3) the atomic oxygen profile was replaced with a nighttime atomic oxygen profile where, between 65 and 90 km, we used the nighttime abundance modeled by Allen et al. [1984] and, between 37 and 65 km, we used a constant upper limit on the nighttime abundance, as determined from the model nighttime abundance at 65 km; and (4) the atmospheric and atomic oxygen profiles above 120 km were those for the summer atmosphere with an exospheric temperature of 1300 K, and atmospheric water vapor was added. We assumed the following water vapor abundance profile: Below 60 km, the water vapor profile was set at 5 parts per million by volume (ppmv) [cf. WMO, 1982] . Between 60 and 100 km we used the water vapor abundance profile for' 30°1'l summer [Garcia and Solomon, 1985] . Above 100 km the water vapor mixing ratio was set at 0.1 parts per million by volume (ppmv) [cf. Brasseur and Solomon, 1984] . 158.35 6. DETERMINATION OF MULTIPLIER Now we use the observed average spectrum for each of the elevation angles to determine an overall scaling factor for the atomic oxygen abundance profile. Ideally, one would like to be able to reproduce the observed spectrum for each of the rays by a model calculation of the equivalent width, using a single atomic oxygen abundance profile. In our model calcula. tion the atomic oxygen abundance profile is parameterized by the multiplier m, so the ideal c,ase corresponds to the ability to reproduce the equivalent wi~th for the two rays using the same multiplier.
To determine the multiplier for the assumed atomic oxygen abundance profile, a synthetic spectrum was calculated for atomic oxygen abundance profiles with varying values of the multiplier and the above-described model water vapor abundance profile, which is important in the fitting because of the existence of neighboring H20 hnes. The minimum value attained for the sum of the squares of the residuals between an observed spectrum and a synthetic spectrum calculated over the 0.2 em -I region spanning the Oe P) line is smaller for the case in which H20 was included than for the case in which H20 was neglected. (This is simply because the wings of the water lines introduce curvature in a background which would otherwise be flat.) It was especially important to include H20 in the equivalent width determination for ray 2. For ray 1, the minimum of the sum of the squares of the residuals with H20 included in the synthetic spectrum was 95% of that without H20. For ray 2, that minimum with H20 included was 32% of that without H20.
After minimizing the sum of squares of the residuals between the synthetic and observed spectra for several values of m, the minimum sum of squares is fitted to a quadratic func- bounds determined from the sensitivity study for layer removal. At 40 km, 71 km, and 81 km, the magnitude of the uncertainty is larger than the value of the derived abundance; no error bounds are shown.
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tion in m to find the value of m that minimizes the minimum sum of squares. For ray 1 we thus determine a multiplier of 0.72 :t 0.21; for ray 2 we determine a multiplier of 0.86 :t 0.22. This method of determining the multipliers agrees, as it should, with the direct method of reading off values of m from the appropriate curve of growth. The uncertainty in the multiplier for each ray is taken to be the average of the uncertainties determined by projecting the upper and lower bounds of the equivalent width on the curve of growth. Since these two multipliers agree to within the uncertainties, we take the average multiplier to be 0.8 :t 0.2. Figure 3 shows a comparison between the model-generated spectrum for the abovedetermined profile with m = 0.8 and the observed spectrum for rays 1 and 2. This abundance profile for atomic oxygen with m = 0.8 is exhibited in Figure 4 . It is compared with model profiles in Figure 5 and with observed profiles in Figure 6. 7. DISCUSSION
Diurnal Variation
We now consider the possibility of a day-night variation in the intensity of the 63-Jlm line. For ray 1 the night equivalent width (the equivalent width determined from averaging the two intermediate sums of spectra taken after sunset) was larger than the day equivalent width (that determined from averaging the six intermediate sums of spectra taken before sunset) by a factor of 1.12 (:to.30). For ray 2 the night equiva-11.5 12 lent width (from two intermediate sums of spectra) was found to be larger than the day equivalent width (from 10 intermediate sums of spectra) by about a factor of 1.06 (:to.19). Thus within our measurement uncertainties we find no significant difference in the day and night equivalent widths and average together all of the spectra for the entire flight for each ray. From the model calculation for the curve of growth, one would expect that in going from day to night the decrease in the equivalent width would be by a factor of 0.98 for ray 1 and by a factor of 0.89 for ray 2, so the expected effect is within our measurement uncertainty. Our null result agrees with that of Carli et al. [1985] , who also analyzed far-infrared spectra recorded as a part of the BIC program on June 20, 1983, over Palestine, Texas, and found no change in the intensity of the 63-Jlm line from day to night, within their experimental uncertainties.
Since the day and night atomic oxygen profiles differ only below~80 km [Allen et al., 1984] and we observe the day and night equivalent widths to be the same within the measurement uncertainties, the equivalent width is not expected to be especially sensitive to the atomic oxygen abundance in the lower layers. This is borne out in' our sensitivity study for layer removal (section 7.4.4).
Angular Dependence
Next we consider the elevation-angle dependence of the equivalent width. This issue was also considered by two other groups who analyzed far-infrared spectra recorded over Palestine, Texas. While no elevation angle dependence of the equivalent width was observed either by Clark et al. [1985] in their night measurements on October 22, 1980, over the range of air-mass values 1.27 to >20 or by Carli et al. [1985] in their spectra over a range of negative elevation angles from -1.4°to -2.8°during their above-described flight, we observed an increase in the equivalent width by a factor of 1.5 i: 0.3, corresponding to a decrease in the elevation angle from 30°to 1°. Further, using our model atmosphere with an exospheric temperature of 1300 K and the corresponding daytime atomic oxygen abundance profile described earlier in this paper, we determine an elevation angle dependence of the equivalent width shown in Figure 6 ): our profile (m = 0.8); and profiles from Kockarts and Peetermans [1970] and Banks and Kockarts [1973] ; Jacchia [1971] ; Keneshea et al. [1979] ; Cospar International Reference Atmosphere (1972); U.S. Standard Atmosphere (1976); and Allen et al. [1984] .
11.5 12 12.5 vertical profile and, in particular, one with a much stronger concentration of atomic oxygen in a single layer than is already present in our model. For the range of elevation angles from -1°to -3°, which includes the range observed by Carli et al., the modeled equivalent width decreases by.less than 2%. We estimate that this is within the range of uncertainty in the data of Carli et aI., so that our model calculations are in agreement with those observations.
Intensity
Now we compare our observed intensity of the 63-Jlm atomic oxygen line with other observations and with two model calculations. (See Table 2 , in which the intensities at various altitudes are listed in order of increasing altitude.)
We compare our measurements with those of three other groups: (1) At 30 km, Clark et al. [1985] measured the downward flux of 63-Jlm emission to be 2.4 (i:0.5) x 10-2 erg cm -1 S-1sr -I, independent of elevation angle, on October 22, 1980, over Palestine, Texas (32°N) . At 37 km we meilSure, for the 1°ray, a line intensity of 2.7 (:!:0.2) x 10-2 erg cm -2 S-1 sr-1 and, for the 30°ray, a line intensity of 1.7 (i:0.2) x 10-2 erg cm-2 S-1 sr-l. Given the different seasons and years of Clark et al.'s and our measurements, we do not consider the differences in their and our integrated intensities to be significant. (2) Grossmann and Thomas et al. [1979] ; R. Thomas and Young [1981], descent; and Trinks et al. [1978] , Table 3 , descent.
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from a launch on March 16, 1977, at 2304 CET from Andoya, Norway. (3) Feldman and McNutt [1969] reported a night zenith intensity at 120 km of 0.55 x 10-2 erg cm-2 S-I sr-I from the launch of a photometer on March 28, 1968, at 2345 MST at White Sands, New Mexico. Two other groups have done calculations of the integrated line intensity from atomic oxygen abundance profiles: (1) We compare calculations of our own, done using a multilayer atmosphere, to the calculations of Iwagami and Ogawa [1982] . Table 2 lists the results of our calculations. We calculate at 80 km the zenith intensity of the 63-J.Imline, using our abovedescribed radiative transfer model for calculating equivalent widths. From 80 to 100 km we use the Cospar International Reference Atmosphere (1972) mean reference atmosphere and from 110 to 200 km we use the Cospar International Reference Atmosphere (1972) atmosphere with an exospheric temperature of 700 K, as estimated from the 1O.7-cmsolar flux by Iwagami and Ogawa. We divide the atmosphere into 12 layers over altitudes ranging from 80 to 200 km. We consider the three atomic oxygen abundance profiles a, b, and c described by Iwagami and Ogawa. Profile a has a peak of 2 x lOll cm-3 at 96 km, and profilesband c are determinedby multiplying profile a by a factor of 2 and 4, respectively. Thus we determine that profiles a, b, and c correspond to the zenith intensities of 1.3, 1.6,and 1.8 x 10-2 erg cm-2 S -I sr-I, re- 1.4, and 1.6 x 10-2 erg cm -2 S-I sr-1, respectively), but we do not consider the difference between these completely independent calculations of ours and theirs to be significant, since the details of their calculation were not specified. (2) At 100 km, using a daytime abundance profile of a photoequilibrium distribution of atomic oxygen and an exospheric temperature of 750 K, Kockarts and Peetermans [1970] calculate an integrated line intensity of 1.03 x 10-2 erg cm-2 S-I sr-I for comparison with the data of Feldman and McNutt [1969] .
Sensitivity Studies

Width of atmospheric layers.
In order to estimate the sensitivity of the calculated equivalent width of the 63-J.Im line to the width of the atmospheric layers, the curves of Clark et al. [1985] This work, 1. ray This.work, 30. ray Iwagami and Ogawa [1982] , profile a, b, c Kockarts and Peetermans [1970] Grossmann and Offermann [1978] Feldman and McNutt [1969] growth for the abundance profile of Kockarts and Peetermans [1970] and Banks and Kockarts [1973] were calculated for the cases of 20-km layers and to-km layers. For a value of the multiplier m of 0.8, the difference in the equivalent widths was 2.3% for ray 1 and 2.7% for ray 2. For the observed values of the equivalent width, the difference in the derived multipliers was less than 0.1 for ray 1 and for ray 2.
Assumed atomic oxygen profile.
In order to estimate the sensitivity of the calculated width to the assumed atomic oxygen abundance profile, the curves of growth were calculated, using 16 layers for the Kockarts and Peetermans/ Banks and Kockarts abundance profile and for the model profile constructed from recent profiles to describe a daytime summer atmosphere with an exospheric temperature of 1300 K. Again. for a. value of the multiplier m of 0.8, the difference in the equivalent widths is small, although this is probably fortuitous: 0.8% for niy 1 and 1.3% for ray 2. Also, for the observed values of the equivalent width, the difference in the derived multiplier was less than 0.1 for ray 1 and for ray 2.
7.4.3. Exospheric temperature. An estimate of the sensitivity of the equivalent width to the exospheric temperature can be derived from an examination of the curves of growth in Figure 2 . The maximum and minimum daytime equivaleI?-t widths occur for exospheric temperatures of 2100 and 600 K, respectively. For m = 0.8 these maximum and minimum equivalent widths differ by 4.6% for ray 1 and by 9.3% for ray 2.
7.4.4.
altitude-dependent information we might expect to derive from our observed data, we performed the following sensitivity study. For each ray the sensitivity of the total atomic oxygen equivalent width to the amount of atomic oxygen in each layer was determined by comparing the equivalent width with the daytime profile (m = 1) with an exospheric temperature of 1300 K and that with a profile in which the atomic oxygen was removed from the layer in question. For rays 1 and 2, removing the atomic oxygen from any given layer produced the changes in equivalent width shown in Table 3 . We may draw four conclusions. 1. In general, the sensitivity study shows that both the 300 and the 10 ray spectra are most sensitive to the regions of the atomic oxygen profile from about 139 km down to 98 km. Thus our model calculation of the equivalent width is most sensitive to the altitude region just above the altitude of peak atomic oxygen concentration. In particular, the upper stratospheric and mesospheric contribution is only a few percent for these rays.
2. The region of maximum sensitivity moves downward as the elevation angle decreases. Thus in principle, there is some altitude information available from a comparison of the 300 and 10rays.
3. The equivalent width is not a linear function of the atomic oxygen density. This can be seen in the curve of growth in Figure 2 . In the sensitivity study, the sum over all layers of the percentage changes in the equivalent width does not add up to 100%. Layer removal. In order to determine the type of . Heating as well as cooling of the thermosphere is occurring in the 63-Jlm line. This can be seen in the positive as well as negative percentage changes in the equivalent width for layer removal. This has been discussed by Craig and Gille [1969] .
Altitude-dependent upper and lower bounds on the derived atomic oxygen abundance profile (see Figure 4) were determined from this sensitivity study for layer removal. This procedure presumes that the actual atomic oxygen abundance has an altitude-dependence which is qualitatively similar to the model abundance. We consider the uncertainty in the multiplier to be inversely proportional to the percentage change upon layer removal; the uncertainty was set at 1.0 for the most sensitive layer. This layer-dependent quantity was averaged over the two rays and then scaled by the determined multiplier uncertainty of 0.2 to get an altitude-dependent multiplier uncertainty~m(h). Upper and lower bounds on the determined atomic oxygen abundance profile, which is 0.8 times the assumed profile n(h), were estimated from
0.8n(h) :t~m(h)n(h)
At 40, 71, and 81 km the magnitude of the derived uncertaintỹ m(h)n(h) is greater than the value of the derived abundance, 0.8n(h). The upper and lower bounds given by plus marks in Figure 4 are thus estimates of extreme profile curves, which are just barely compatible with our data at the 10'level. Other profiles which lie mostly within this range cannot be excluded. By comparison with the collection of full and partial profiles shown in Figures 5 and 6 , our experimental range of values is generally on the low-abundance side. The only profile which is significantly higher than our 10' limit at nearly all altitudes is that of Jacchia [1971] .
Peak Density
Our scaled profile has a model-dependent peak atomic oxygen density of 3.6 (:t 1.9) X 1011cm -3 at 101 km. Different standard atomic oxygen profiles would predict different peak densities. This peak density is lower than that of the Jacchia [1971] model (1.5 x 1012 cm-3) and near those of the Cospar International Reference Atmosphere (1972) (4.7 x 1011 Cm-3) and the U.S. Standard Atmosphere (1976) (4.5 x 1011 cm-3). Reports of high experimentally determined peak densities include the following: A photometer in situ experiment launched in a rocket payload to measure the night airglow emission at 5577 A has produced a value of the maximum atomic oxygen number density of 5.8 x 1011 cm-3 [Offermann and Drescher, 1973] . Trinks et ai. [1978] used a neutral gas mass spectrometer to measure a maximum atomic oxygen number density of 6.5 x 1011cm -3 at 97.5 km. Witt et ai. [1979] simultaneously measured the nightglow profiles of the atomic oxygen green line at 5577 A, the O2 (b1:Eg + -X3:Eg -) atmospheric band, and the OH (8-3) Meinel band and used them to determine an atomic oxygen abundance profile and to derive a peak atomic oxygen density of 6.2 x 1011 cm -3 at 98 km. Dickinson et ai. [1980] report rocket measurements, in which both absorption and resonance fluorescence experiments at 130 nm were performed, and find the peak atomic oxygen number density near 95 km to lie between 1 x 1012cm-3 and 3 x 1012cm-3.
While our peak density is lower than that of the model and experimental peak densities given in the previous paragraph, it does lie among other slightly lower experimental reports: Reed and Chandra [1975] report that for the time period from August 1967 to January 1968, global averages of photometer measurements of the maximum atomic oxygen densities near 100 km range from 2.0 x 1011 cm-3 to 2.7 x 1011 cm-3. Howiett et ai. [1980] report a double peak in the atomic oxygen density profile of '" 1011 cm -3 at 90 and 98 km from in situ measurements of the atomic oxygen concentration by a rocket-borne 01 1304~.Aresonance-scattering system. Sharp [1980] reports a max1mum atomic oxygen density of 1.1 x 1011 cm-3 at 93 km, with structure in the profile which may be due to turbulence; he used a rocket-borne instrument for detecting atomic oxygen by resonance-fluorescence of 1304-A photons.
Thus there is variation it the experimentally determined peak density of atomic oxygen. Offermann et ai. [1981] have reported variation in measurements by various researchers of atomic oxygen in the lower thermosphere. As they conclude, differences in the results of rocket experiments performed between 80 and 120 km may be due to (1) the different measurement techniques used, (2) the different latitudes at which the experiments were performed, and/or (3) the different times of day and year of the experiments. Offermann et al. review and summarize the situation as follows: Shock-freezing cryo-mass spectrometers yield profiles above the U.S. Standard Atmosphere (1976) (USSA) profile at the lower altitudes and below the USSA profile at the higher altitudes, with peak densities between 5.8 x 1011cm-3 and 9.8 x 1011 cm-3; 130-nm photometers yield profiles above the USSA profile throughout the 80--120 km range, with peak densities between 7.8 x 1011 cm-3 and 28. x 1011 cm-3; and cryo-pumped mass spectrometers yield profiles below the USSA profile, except at low altitudes with peak densities between 0.87 x 1011 cm -3 and 9.1 x 1011cm-3.
SUMMARY
From our balloon observation of the 3P 2~3 P 1 transition of atomic oxygen, we report equivalent widths at each of two~. elevation angles (30°and 1°). We observe an elevation angle dependence of the equivalent width. We find our observations to be consistent with a model multilayer atmosphere in which the atomic oxygen abundance profile is described by a daytime distribution for an exospheric temperature of 1300 K, with a peak number density of 3.6 x 1011 cm -3 in the layer between 98 and 109 km at the effective altitude of 101 km. A sensitivity study has shown that in our calculations with a multilayer atmosphere, the equivalent width is most sensitive to the region of the atomic oxygen profile near and just above the peak of the profile. Our value of the peak density lies among the lower values reported to date.
